N itrogen (N) is a key mineral element for the global food supply (Hirel et al. 2007; Vitousek et al. 1997) , and adding nitrogen fertilizer is a fundamental step in producing commercially viable crops. However, nitrogen that is not taken up by plants or retained in soil organic matter will "leak" from agricultural systems, contributing to environmental challenges such as greenhouse-gas emissions in the form of nitrous oxide (N 2 O) (Veltholf et al. 2009 ) and watershed pollution in the form of high nitrate (NO 3 ) concentrations in water (Domagalski et al. 2008) .
In 2006, California legislators identified reducing greenhouse gases as a major goal and passed Assembly Bill 32, which mandates that by 2020, statewide emissions be reduced 25% from 1990 levels (CARB 2006) . Industries utilizing nitrogen have attracted policymakers' attention for their potential greenhouse-gas reductions, because a single unit of nitrous oxide gas is equivalent in potency to approximately 300 units of carbon dioxide (CO 2 ) gas (IPCC 1995) . In 2004, the California Air Resources Board concluded, based on the limited data available, that agricultural soils were the largest source of nitrous oxide in California, accounting for 50% of the state's total emissions, with 60% related to synthetic fertilizers (CARB 2006) . Because of nitrous oxide's global warming potential, even modest reductions can contribute meaningfully to lowering greenhouse-gas emissions by 2020.
Soil nitrate concentrations can increase significantly when applied and mineralized nitrogen levels exceed the plant's nitrogen use. Nitrate in runoff from heavily fertilized agricultural land can reach rivers and streams, raising concerns about drinking-water quality and the eutrophication of water bodies (Fenn et al. 1998) , in which high nutrient levels in an aquatic ecosystem lead to increased primary production (by algae, for example) and subsequent decreases in oxygen levels. Burow et al. (1998) found that a high proportion of groundwater samples from beneath almond orchards exceeded the maximum contaminant level of nitrate (10 milligrams per liter [mg/L]) (EPA 2006) , reflecting high levels of nitrogen applications. Almonds represent California's fifth-largest agricultural commodity (in percentage of the state's total farm receipts) (USDA ERS 2009), and the industry has grown to more than 6,000 almond growers and 615,000 bearing acres (ABC 2008) . Nitrogen management in almonds has been the subject of much research, and a summary of conventional practice is presented in the UC Almond Production Manual (Micke 1996) .
Adding nitrogen to soil increases the potential for both nitrous oxide generation and nitrate leaching. To minimize There are more than 6,000 almond growers in California and 615,000 bearing acres. Above, an almond orchard in bloom at Nickels Soil Laboratory in Colusa County.
this potential, management practices that reduce total nitrogen inputs, increase the utilization of applied nitrogen by crops, and enhance nitrogen stability in soil must be developed and adopted. Bruulsema et al. (2008) summarized the principles and practices underlying the development of fertilizer best-management practices for nitrogen. These include: (1) the use of soil or plant testing to define crop nutrient status and (2) application of the right amount of fertilizer coincident with the times of greatest crop demand, placed in locations and forms that maximize uptake potential and minimize losses.
In agricultural systems where explicit experimental data and fertilization guidelines are poorly developed, fertilization practices that approach these ideal characteristics represent the best-available management practice and are most likely to optimize nitrogen-use efficiency. Given the absence of specific nutrition management guidelines for almonds, we theorize that these principles can best be applied under current production constraints through: (1) fertigation to enable nitrogen placement in the zone of greatest root activity, (2) the application of nitrogen coincident with periods of greatest nutrient demand and (3) tissue sampling and analysis to monitor nutrient levels in trees.
In June 2007, we surveyed almond growers to assess their current nutrition practices, concerns and needs. This article focuses on comparisons between respondent practices and the set of theorized best-management practices. We also present general demographic traits for respondents who did not adhere to the perceived best practices, in order to inform extension efforts related to nutrient-use efficiency.
Survey design and analysis
We designed and distributed a survey with 37 multipart questions to collect data regarding grower demographics (18 questions), fertilization-use practices (11 questions), factors affecting fertilization decisions (two questions), priorities in education and research relating to plant nutrition (three questions) and the expected consequences of environmental regulation to the almond industry (three questions). The questions were informed by the results of three concurrent focus-group sessions held in 2006 at the Almond Industry Conference in Modesto, Calif. Each consisted of 10 to 14 growers, chemical consultants, farm advisors and/or representatives from the California Environmental Protection Agency, California Air Resources Board and Almond Board of California (Lopus et al. 2010) .
The survey population comprised 1,800 almond growers from 18 California counties, whose names were randomly selected from a pesticide-use database of 3,060 growers. Although we also surveyed all organic almond growers (n = 76) registered with California Certified Organic Farmers, the results are not presented in this article. In accordance with standard protocol (Dillman 2007) , postcards were mailed in April 2007 to draw growers' attention to the forthcoming survey, surveys were mailed in June 2007, and second copies of the survey were mailed in August 2007 to growers who had not yet responded. Growers were given the option of submiting the survey by mail or online. Surveys were coded to maintain the anonymity of respondents and to ensure that online respondents were members of the randomly selected sample.
To assess fertilizer nitrogen use in almond orchards, we compared current grower practices with our set of theoretical best-management practices derived from existing knowledge, focus groups, e-mail consultations with informed individuals in the industry and the concepts in Bruulsema et al. (2008) . Although many practices not discussed here have been applied in other cropping systems and may aid in achieving enhanced nitrogen-use efficiency, none have been adequately validated in almonds. Therefore, for this investigation we focused on three currently available practices for which grower compliance is measurable: (1) using fertigation to apply some or all nitrogen fertilizer in orchards (where irrigation methods permit), (2) applying nitrogen fertilizer with perceived optimal seasonality and (3) using annual tissue sampling to monitor nutrient levels in trees.
Assessing nutrition practices
We identified fertigation, in which fertilizer is applied through an orchard's irrigation system, as a theorized best-management practice because it allows for multiple in-season applications, targeted timing and synchrony with irrigation, potentially reducing fertilizer use and optimizing efficiency.
Optimized application timing ensures that nitrogen is available to trees when they are actively taking up nutrients. Research suggests that the pattern of nutrient demand during a cropping cycle closely matches the rate of nutrient accumulation in the almond crop, once nutrient reserves in perennial tissues have been depleted (Weinbaum et Because of nitrous oxide's global warming potential, even modest reductions can contribute meaningfully to lowering greenhouse-gas emissions by 2020. al. 1980, 1990) . Under California conditions, nutrient uptake in almond trees commences following full leaf expansion in March or early April; increases during periods of rapid fruit development in late spring and summer; is maximal during nut fi lling and prior to full maturity; and declines once the fruit reaches full maturity, with minimal nutrient uptake occurring during leaf senescence or dormancy.
If growers are to make nutrients available to trees at optimal times, the most nutrient should be applied during summer, a smaller portion in spring and in autumn, and none in winter. For the seasonality analysis, we calculated each grower's deviation from this schedule of nutrient uptake. Scores ranged from 2 to 10, with 10 assigned to growers who applied with optimal seasonality and the lowest possible score of 2 assigned to those who applied 100% of nitrogen fertilizer in winter (see box, table 1).
In deciduous tree production, the primary tool for fertilizer decisionmaking is leaf sampling and analysis and comparison with established standards, called "critical values" (Brown and Uriu 1996) . Critical values are the nutrient levels (present in almond tissues at a specifi c time of the cropping cycle each year) below which trees will begin to show defi ciency symptoms. They represent the tipping point between a tree that is or is not defi cient in a particular nutrient. When properly taken and analyzed, annual tissue samples provide growers with useful information about their trees' nutrient status and demand, allowing nitrogen applications to be adjusted accordingly.
Data was analyzed with chi-square analysis (α = 0.05), and logistic regression was used for answers rated on a Likert scale. Response areas left blank and "I don't know" answers were excluded from the analysis. Data analysis was performed using JMP 7 statistical software (SAS 1989 (SAS -2007 .
Of the 1,800 growers that we mailed the survey to, 38 informed us that they no longer grow almonds and 529 completed the survey, for an overall response rate of 30.0% (529/1,762). Of the 529 respondents, seven grew some or all of their almonds organically, so we analyzed their responses separately; results
Calculation of seasonal score
In order to calculate seasonal scores, we awarded points to growers based on the percentage of nitrogen that they applied during each seasonal period: 0 points = 0%; 1 point = 1% to 30%; 2 points = 31% to 70%; 3 points = 71% to 99%; and 4 points = 100%.
Seasonal periods were defi ned as: winter, Nov. 1-Jan. 31; spring, Feb. 1-April 30; summer, May 1-July 31; fall, Aug. 1-Oct. 31.
The scores for each season were then subtracted from the optimal scores and subtracted from 10: seasonal score = 10 − |spring score − 1| − |summer score − 2| − |fall score − 1| − winter score For example, grower A applies 20% of nitrogen in spring, 65% in summer, 15% in fall and 0% in winter, and receives a seasonal score of 10 (table 1). We classifi ed seasonal scores of 7 or greater as "good" and seasonal scores of 6 or below as "poor." By county, the respondents were representative of the whole population, as the selected recipients of each county were proportional to the whole population (X 2 = 6.98, P = 0.935).
Best application practices
Nitrogen fertigation. Most respondents (69.6%) ( fig. 1A ) applied any or all of their nitrogen fertilizer by fertigation. Of the remaining 30.4% who did not use fertigation, 45.1% (13.7% of all respondents) were unable to fertigate because they irrigated entirely by flooding or furrow and could not inject fertilizer into the irrigation system. More than half of the growers (54.9%) who did not use fertigation had the potential technical capacity to adopt the practice. A small portion (6.4%; five of 78) of these growers used fertigation to apply potassium and/or zinc fertilizer, but not nitrogen.
Among growers with the technical capacity for fertigation (excluding those who irrigated entirely by flood and/or furrow), there was no significant difference (P = 0.051) in likelihood to fertigate between first-generation and secondgeneration or greater growers (table 2) .
Among all growers with the technical capacity to fertigate, there was a significant relationship between likelihood to fertigate and acreage (P < 0.001) (table 2). Growers with fewer than 20 acres were less likely to use fertigation to apply nitrogen (61.2%), while those with 250 or more acres were more likely to use fertigation (94.1%). Due to this trend, the proportion of acres managed by a grower who practiced fertigation was higher than the proportion who used the practice (fig. 1B) . Growers who managed 91.2% of almond acreage in the survey used fertigation to apply any or all nitrogen fertilizer ( fig. 1B) , and the adoption of fertigation by growers who did not currently use the practice but had the capability was only possible on 5.7% of acreage.
Seasonality. We classified seasonal scores of 7 or greater as "good" (65.0% of respondents; mean = 7.13, standard deviation [SD] = 1.61) and scores of 6 or below as "poor" (35.0%) (table 2). Poor seasonal scores corresponded to growers whose seasonal fertilization practices differed dramatically from the optimal schedule (Weinbaum et al. 1980 (Weinbaum et al. , 1990 ) (see box, page 151).
The distribution of seasonal scores between first-generation growers and others was significantly different (P = 0.002), with only 58.0% of first-generation growers having good seasonal scores versus 71.9% or secondgeneration or greater growers (table 2) .
The distribution of seasonal scores differed significantly with acreage (P = 0.008) ( There were no significant generational differences (P = 0.122) (table 2) between first-generation growers and other growers in the likelihood to use tissue sampling at least once annually.
The distribution of likelihood to collect tissue samples at least once per year differed significantly with acreage (P < 0.001) (table 2). Growers with fewer than 20 acres were less likely to collect 
Implications for outreach
The trends revealed by the survey will be useful to extension agents as they create outreach programs to reduce nitrogen loss and increase efficiency in almond production. Firstgeneration almond growers, for example, were less likely to apply nitrogen with good seasonal timing (table 2) , and almond growers with fewer than 20 acres were less likely to apply nitrogen with fertigation, apply nitrogen with good seasonal timing or collect annual tissue samples (table 2) . It may therefore be effective to target firstgeneration and small almond growers with educational nutrition-management programs. The observation that small and/or first-generation growers are less likely to use the theorized best-nutrient practices may indicate that extension activities are not optimally tailored to these groups.
External factors such as the cost, availability and functionality of fertigation technologies for small growers may be significant constraints, suggesting that targeted financial incentives to develop or employ small-scale fertigation systems are needed to enhance the adoption of best nutrient practices. Since growers with large acreages are more likely to have adopted them, the perceived progressive practices of large growers dominate California almond acreage.
The practices investigated here represent our best current understanding of actions to achieve nitrogen-use efficiency (Bruulsema et al. 2008) . Likewise, this survey did not attempt to identify whether growers fertigate properly, add appropriate amounts of nitrogen, or correctly use the results of tissue sample analyses to formulate their fertility programs. It therefore remains unclear if the use of best available practices is actually resulting in satisfactory efficacy of nitrogen use.
Even the most informed growers are uncertain about the practical applications of tissue analyses, since: (1) experimental trials examining the relationship between leaf tissue analysis and crop yield in almond are limited (Brown and Uriu 1996; Meyer 1996; Weinbaum et al. 1980 Weinbaum et al. , 1990 ; (2) no longterm experiments in mature trees have effectively demonstrated the use of leaf analysis to optimize fertilization regimes and nitrogen-use efficiency; and (3) it is difficult to obtain representative tissue samples in a perennial species due to substantial within-tree, between-tree and within-field variability (Lilleland and Brown 1943; Perica Remote sensing and automated nutrient status measurement 2.67 1.12 349 * Median score of 4. Number of responses (n) varied by question because blank and "I don't know" responses were excluded. † Median score of 3. Number of responses (n) varied by question because blank and "I don't know" responses were excluded.
Best management practices including fertigation, timed applications and leaf-tissue analysis can save growers money and minimize nutrient-laden runoff into surface waters. Above, furrowirrigated orchards cannot use fertigation, which requires a drip irrigation system.
2001; Righetti et al. 1990; Sanchez and Righetti 1990) . In this paper, we addressed only three management practices believed to contribute to nitrogen-use efficiency; there are many other practices, however, that can theoretically contribute to nitrogen efficiency in the almond industry and for which research-based understanding is inadequate. These other practices include, but are not limited to: (1) soil sampling, (2) selecting proper nitrogen forms given seasonal timing and the crop stage, (3) determining nitrogen rates by tree age, potential yields and past yields and (4) balancing the leaf levels of other nutrients to gain the maximum benefits of applied nitrogen. These practices are not widely used in California's almond industry, so compliance was not investigated.
The creation of nitrous oxide and nitrate is unavoidable in agricultural settings and will occur on even the best-managed land. Almond productivity cannot be maintained in the absence of fertilization, so any nitrogen mitigation program must focus on increasing the efficiency with which applied nitrogen is used. The results of this survey illustrate that most almond growers, and the large majority of acreage, currently employ theorized bestfertilization practices, and the industry would value new information about a wide breadth of topics relating to nutrition management. While these results can be viewed as largely positive, they should be the basis for deploying new research and extension programs to develop integrated best management of nutrients in almonds and address the actions and research topics that growers identified as highly important.
